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A Putative Chemokine Receptor, BLR1, Directs B
Cell Migration to Defined Lymphoid Organs and
Specific Anatomic Compartments of the Spleen
Reinhold Fo¨rster,*§ Anita E. Mattis,*§ immunologic memory (Berek et al., 1991; Jacob et al.,
1991b; MacLennan, 1994). Molecular analysis of V(D)JElisabeth Kremmer,† Eckhard Wolf,‡
arrangements of B cells derived from GCs and adjacentGottfried Brem,‡‖ and Martin Lipp*
foci indicates that both cell populations represent prog-*Max-Delbru¨ck-Center for Molecular Medicine
eny of the same B cell clones, suggesting common pre-13122 Berlin-Buch
cursors for the rapidly formed plasma cells and GC BGermany
cells (Jacob and Kelsoe, 1992).†GSF Research Center
Little is known about molecules that direct the migra-Institute for Immunology
tion of B and T cells to and within B cell follicles, but a81377 Munich
potential role for VLA-4 and VCAM has been suggestedGermany
(Freedman et al., 1990). In contrast, several families of‡ Institute for Molecular Animal Breeding
adhesion molecules have been found to be involvedGene Center
in leukocyte extravasation, and a multistep model ofUniversity of Munich
leukocyte adhesion and transendothelial migration has81375 Munich
been postulated (Butcher, 1991; Lawrence and Springer,Germany
1991; Springer, 1994). During this process, the counter
receptors for adhesion molecules, integrins, are trig-
gered into a “binding-active” stage, an event most prob-Summary
ably mediated by G protein–coupled receptors (GPCR).
Chemokine receptors belong to the family of GPCR,We describe the phenotype of gene-targeted mice
which is characterized by seven transmembrane-span-lacking the putative chemokine receptor BLR1. In nor-
ning domains and are coupled to heterotrimeric GTP-mal mice, this receptor is expressed on mature B cells
binding proteins (reviewed in Murphy, 1994). Besidesand a subpopulation of T helper cells. Blr1 mutant
their role in processes like inflammation, several linesmice lack inguinal lymph nodes and possess no or
of evidence suggest that members of the chemokineonly a few phenotypically abnormal Peyer’s patches.
receptor family may also provide a signal necessary forThe migration of lymphocytes into splenic follicles is
lymphocyte migration to lymphoid organs, as it wasseverely impaired, resulting in morphologically altered
demonstrated that some chemokines can induce migra-primary lymphoid follicles. Furthermore, activated B
tion of different lymphocyte subsets in vitro (reviewed incells fail to migrate from the T cell–rich zone into B
Hedrick and Zlotnik, 1996). Indirect evidence suggesting
cell follicles of the spleen, and despite highnumbers of
that GPCR are required for lymphocyte trafficking was
germinal center founder cells, no functional germinal
derived from in vivo migration experiments. Lymphoidcenters develop in this organ. Our results identify the
cells treated with pertussis toxin, an inhibitor of certainputative chemokine receptor BLR1 as the first G pro-
G proteins, failed to enter lymph nodes and the white
tein–coupled receptor involved in B cell migration and
pulp of the spleen (Spangrude et al., 1984; Cyster and
localization of these cells within specific anatomic
Goodnow, 1995). Thus far, however, none of the chemo-
compartments.
kine receptors has been identified to be involved in B
cell migration.
Introduction We have recently identified a novel member of the
GPCR family termed BLR1 (Dobner et al., 1992; Kaiser
Migration of B and T cells into lymph nodes and the et al., 1993). Sequence analysis revealed considerable
white pulp of the spleen is a prerequisite for the develop- homology between BLR1 and members of the chemo-
ment of an antigen-specific immune response. In these kine receptor family, including receptors for IL-8, IL-8RA
organs, lymphocytes and antigen-bearing dendritic cells (35% amino acid identity), IL-8RB (37%), for MIP-1a,
interact and generate specific antibody responses. Pri- CCR-1 (26%), the orphan receptor EBI-1/BLR2 (33%),
mary immunization with a single dose of soluble, T cell– and LCR1 (30%), recently identified as a human immuno-
dependent antigen results in two different types of B deficiency virus coreceptor, termed fusin (Holmes et al.,
cell activation. The first rapidly leads to the generation of 1991; Murphy and Tiffany, 1991; Birkenbach et al., 1993;
antibody-producing plasma cells in the foci associated Jazin et al., 1993; Neote et al., 1993; Burgstahler et al.,
with the T cell–rich periarteriolar lymphatic sheath 1995; Feng et al., 1996). Among cells of the hematopoi-
(PALS) (Jacob and Kelsoe, 1992). Concomitantly, in the etic lineages, human BLR1 expression was found to be
B cell area of secondary follicles, the formation of germi- restricted to mature B cells and to a subpopulation of
nal centers (GCs) is observed. GCs harbor rapidly prolif- T helper memory cells, identifying BLR1 as the first lym-
erating B cells undergoing hypermutation of immuno- phocyte-specific member of the chemokine receptor
globulin variable region genes, thus providing the basis family (Fo¨rster et al., 1994). Although the ligand for BLR1
for the production of high affinity antibodies and for is unknown, we will refer to BLR1 as a chemokine recep-
tor due to the characteristic sequence motif at the end
of transmembrane domain III. This motif, DRYLAIVHA,§These authors contributed equally to this work.
is unique to all members of the chemokine receptor‖ Present address: Institute for Animal Breeding and Genetics, Uni-
versity of Veterinary Sciences, 1210 Vienna, Austria. family (reviewed in Murphy, 1994).
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Figure 1. Expression of BLR1 on B Cells and a Subpopulation of T
Helper Cells
Lymphocytes derived from blood (a), mesenteric lymph node (b), or
PP (c) of wild-type mice were double stained with anti-IgM-FITC
and anti-BLR1-biotin or anti-CD4-FITC and anti-BLR1-biotin, fol-
lowed by staining with streptavidin-PE. Numbers indicate relative
percentages of positive cells within a quadrant.
To test for the function of BLR1, we generated mice
in which the blr1 locus has been disrupted by gene Figure 2. Targeted Disruption of the blr1 Gene by Homologous Re-
combinationtargeting. Blr1 deficiency interfered with the formation
(a) Structure of the targeting vector, genomic organization of blr1,of inguinal lymph nodes and severely affected the devel-
and the mutated locus following homologous recombination. In theopment of Peyer’s patches (PP). Most interestingly, the
targeting vector, parts of the second exon were replaced by theformation of follicles in the spleen of blr1-deficient mice
pMC1neo expression cassette, and the herpes simplex virus tk gene
was found to be aberrant. In in vivo repopulation experi- was added to the 59 side. Splinkers were ligated to the linearized
ments, B cells isolated from these mice failed to migrate vector to prevent vector degradation by endonucleases. Shown are
into the B cell follicles of wild-type recipients, thus most the probe for Southern analysis, the PCR primers used to identify
recombined ES cells and mutated offspring, and the predicted DraIlikely explaining the complete lack of functional GCs
fragments (D, DraI; S, SalI; and N, NdeI; the splinkers are smallerin this organ. Similarly, blr12/2 B cells were unable to
than depicted; see Experimental Procedures).repopulate the follicles of PP, whereas the migration
(b) Southern blot analysis of DNA from tail biopsies derived from a
pattern into peripheral and mesenteric lymph nodes was litter of nine animals born to blr11/2 parents. The DNA was digested
found to be identical for B cells derived from either with DraI restriction enzymes, producing a 6.2 kb fragment of the
blr11/1or blr12/2 mice. These findings suggest a major wild-type allele and a 7 kb fragment of the targeted allele.
(c) Flow cytometry analysis of mesenteric lymph node cells isolatedrole for BLR1 indirecting Bcell subsets todefined micro-
from wild-type (blr11/1) or mutant (blr12/2) mice after staining withenvironments within lymphoid organs.
anti-BLR1 MAb (solid line) or isotype control (dashed line).
Results
isolated from spleen or lymph nodes (Figure 1). As found
in humans, neither neutrophils nor monocytes and <1%Expression of BLR1 in Murine Tissue
of CD81 cells isolated from these organsshowed detect-To characterize BLR1 expression in the mouse, we gen-
able levels of BLR1 (data not shown), indicating a con-erated a monoclonal antibody (MAb) against the extra-
served expression pattern of this receptor in bothcellular, N-terminal domain of the receptor. Flow cytom-
species.etry revealed that virtually all IgM1 cells derived from
blood, spleen, or lymph nodes coexpress BLR1 (Figure
1). Furthermore, as observed in humans, a subpopula- Generation of BLR1-Deficient Mice
Using a murine blr1-specific DNA fragment as a probe,tion of T helper cells expressing BLR1 could be identi-
fied. BLR11CD41 cells represented 3%–9% of periph- we isolated a phage clone from a strain 129-Sv library
with a genomic DNA insert containing exon 2 of blr1eral blood T helper cells and 15%–40% of T helper cells
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Table 1. Impaired Development of PP
blr1/1 blr2/2
Without PP 0/78 42/76
1-4 rudimentary PP 0/78 22/76
1-3 rudimentary PP plus
1-3 normally sized PP 0/78 4/76
1-5 normally sized PP 3/78 8/76
6-14 normally sized PP 75/78 0/76
The number of PP was determined by visual and low power micro-
scopic inspection. In accordance with the number and size (rudi-
mentary: ,20% of normal size) of PP identified, mice were allocated
to different groups as indicated.
(Figure 2a). blr1-deficient mice were generated by stan-
dard gene-targeting techniques (see Experimental Pro-
cedures). Embryo manipulation was carried out by blas-
tocyst injection or morula aggregation with two targeted
embryonic stem (ES) cell clones. Both clones generated
chimeric mice, but only one chimera (out of six) derived
from morula aggregation transmitted the disrupted blr1
locus to his progeny. Heterozygous blr11/2 mice were
intercrossed, and the genotype of the offspring was Figure 3. Altered Structure of PP but Normally Developed Lamina
Propria Lymphocytes in blr12/2 Miceverified by Southern blot analysis (Figure 2b). As ex-
pected, about 25% of the animals carried the mutation Cryosections were prepared from PP (a and b) or the small intestine
(c and d) of 8- to 12-week-old animals and treated as described inon both alleles. These animals developed normally, and
Figure 4. It should be noted that neither small nor regular-sizeddifference in weight, size, or phenotype could not be
PP were identified in the intestine depicted in (d). The followingobserved. To determine whether the mutation of the blr1
combinations of antibodies were used: (a and b), anti-B220-FITC
gene generated a null phenotype, we analyzed leuko- (green) and anti-Thy1.2-Cy5 (red); (c and d), anti-Thy1.2-FITC (green)
cytes for expression of BLR1. By flow cytometry, leuko- and anti-IgA-biotin/streptavidin-TRITC (red); B, B cell–rich zone (fol-
cytes derived from various lymphoid organs of blr12/2 licle); and T, T cell zone.
mice could not be identified to express detectable levels
of BLR1 (Figure 2c). These results were confirmed by examined, low power microscopic examination of the
Northern analysis of total RNA prepared from spleen intestines identified 1–4 small and rudimentary struc-
cells (data not shown). tures resembling PP (Table 1). However, there was no
complete deficiency of normally sized PP in blr1-defi-
Lack of Inguinal Lymph Nodes in blr12/2 Mice cient mice, as 1–5 regularly shaped PP could be identi-
According to the expression of BLR1 on B and T cells, fied upon visual inspection in 12 animals (of 76 exam-
the effect of the blr1 mutation in organs composing the ined; Table 1). Immunohistology of PP derived from
immune system was investigated. Cross-examination blr11/1 mice identified individual follicles protruding into
demonstrated that inguinal lymph nodes were regularly the abdominal cavity (Figure 3a). Although outwardly
absent in blr12/2 mice (n 5 103) but were always identi- normal, immunohistology of the few regular-sized PP
fied in blr11/1 or blr11/2 mice (n 5 114). This finding identifiable in blr12/2 mice revealed morphological alter-
was corroborated by microscopic inspection of paraffin- ations: instead of the large follicles present in wild-type
embedded tissue, including skin and subcutaneous mice, multiple B and T cell–rich zones were frequently
tissue, removed from the same area where the corre- observed (Figure 3b; representative experiment of 10
sponding lymph nodes were found in wild-type animals. mice analyzed). Interestingly, using MAb specific for T
Hematoxylin-eosin staining of serial sections derived cells or IgA immunohistology of the lamina propria of
from four animals failed to identify any lymph node-like the intestinal mucosa did not reveal any differences be-
structures (data not shown). In contrast, investigating tween blr11/1 and blr12/2 mice and similar numbers of
the presence of other lymph nodes (axillary, mandibular, T cells; IgA-secreting plasma cells could be observed
aortic, mesenteric, and popliteal), we did not observe in a fashion independent of the presence of PP (Figures
any difference between wild-type and mutant mice. 3c and 3d).
Defective Formation of Primary FolliclesImpaired Development of PP in blr12/2 Animals
Visual inspection of thesmall intestine regularly revealed and GCs in the Spleen
Structure and composition of lymphoid follicles was in-6–14 large and protruding PP in blr11/1 mice. PP were
absent in 55% (42/76) of blr12/2 animals examined (Ta- vestigated by immunohistological staining and confocal
microscopy. Using anti-IgD, anti-IgM, and anti-CD3ble1). The complete absence of PP orrudimentary struc-
tures has been confirmed by hematoxylin-eosin stained MAb simultaneously, alterations in the structure of pri-
mary splenic follicles were identified. In wild-type ani-serial sections of the intestine of all blr12/2 mice exam-
ined (n 5 4; data not shown). In about 30% of theanimals mals, the T cell zone, situated around the central artery,
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Figure 4. Altered Structure of Primary Folli-
cle and GC in blr12/2 Mice
Cryosections were prepared from spleens of
8-week-old wild-type (left panel) or blr1 mu-
tant mice (right panel) without prior immuni-
zation (a and b) or 10 days after immunization
with DNP-KLH in complete Freund’s adju-
vant. Sections (8 mm) were fixed in acetone
and incubated with antibodies and PNA as
indicated. The following combinations were
used: (a and b), anti-IgD-FITC, anti-CD3-PE,
and anti-IgM-streptavidin/Cy5; (c and d),
anti-IgM-FITC; (e and f), anti-IgM-FITC and
PNA-biotin/streptavidin-TRITC; (g and h),
anti-IgD-FITC, anti-CD3-PE, and PNA-biotin/
streptavidin-Cy5. A, central artery; B, B cell–
rich zone (follicle); T, T cell zone (PALS); MZ,
marginal zone; and GC, germinal center.
Shown are representative results obtained
from spleen sections of at least six animals
in each group.
was typically found at one pole of the follicle (A in Figure encompassed completely by a small rim of B cell-ex-
pressing IgD but not IgM (i.e., a population of IgM1IgD14a). A prominent area of IgM1IgD1 B cells, eccentrically
adjacent to the T cell zone, gives rise to the characteris- was absent in the follicle); and (iii) compared to this
small rim of IgD1 B cells, a rather prominent MZ wastic polarized shape of the follicle, which was surrounded
by a small rim of IgM1IgD2 cells representing B cells of identified that surrounded the follicle completely (Figure
4b; for differences see Figure 4a).the marginal zone (MZ in Figure 4a). In analyzing primary
follicles in blr12/2 mice, three major structural differ- These remarkable alterations prompted us to analyze
the formation of secondary follicles of wild-type andences could be encountered (see Figure 4b for a typical
representative): (i) the T cell zone was situated centrally mutant mice. Mice were immunized intraperitoneally
with a single dose of the T cell–dependent antigen DNP-but not polarized in the follicle; (ii) the T cell zone was
Impaired B Cell Migration in blr1 Mutant Mice
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molecules (data not shown). To determine whether the
defective structures of spleen and PP might result from
an early defect in B cell development rather than im-
paired migration of mature B cells to these organs, we
looked at early B cell development using three-color
flow cytometry and MAb specific for B220, CD43, and
IgM or IgD, respectively. Analyzing bone marrow and
spleen cells derived from animals at 10 days, 3 weeks,
or 6 weeks of age, we did not observe any obvious
difference between blr11/1 and blr12/2 mice (data not
shown).
Figure 5. Regular Developed GC in Peripheral Lymph Nodes of
High Frequency of IgMhigh Cells in blr12/2 Miceblr12/2 Mice
Immunohistological examination indicated that blr12/2Cryosections were prepared from mandibular lymph nodes of
mice have elevated numbers of B cells expressing high8-week-old wild-type (blr11/1) or blr1 mutant mice (blr12/2) and
stained with anti-IgD-FITC (green), anti-Thy1.2-Cy3 (red), and PNA- levels of surface IgM molecules (see Figure 4d). This
biotin/streptavidin-Cy5 (blue). B, B cell–rich zone (follicle); T, T cell observation was corroborated by flow cytometry dem-
zone; and GC, germinal center (representative experiment of four onstrating a 2- to 4-fold increase in spleen or peripheral
animals of each group analyzed).
blood cells coexpressing B220 and high amounts of
IgM (Figures 6a and 6b). As impaired GC formation was
KLH; 10 days later, at the peak of GC formation, the detected regularly in the spleen of mutant mice, we
animals were sacrificed. Immunohistologic examination asked whether the overall humoral response to T cell–
using anti-IgM MAb revealed follicles of wild-type ani- dependent antigens was also affected in these animals.
mals as characteristic, polarized-shaped structures (ar- Therefore, mice were immunized intraperitoneally with
rowhead in Figure 4c), whereas follicles of mutant mice DNP-KLH and boosted with the same amount of antigen
were marked by a large, circumferential rim of B cells 3 weeks later. Levels of serum antibodies against DNP
expressing high levels of IgM (arrowhead in Figure 4d; were determined by antigen ELISA using DNP-BSA and
see also next section). Double staining of splenic follicles isotype-specific antibodies. As demonstrated for IgG1,of wild-type and blr1 mutant mice with anti-IgM MAb blr11/1 and blr12/2 animals responded equally to this
and peanut agglutinin (PNA) can be seen in Figures 4e antigenic challenge (Figure 6c). No difference could be
and 4f, respectively. PNA binds primarily to GC B cells
observed for various subclasses of immunoglobulin
(Rose et al., 1980). As some cells present in the marginal
(IgM, IgG1, IgG2a, IgG2b, IgG3, IgA, and IgE; data notsinus were also stained with this lectin at the interface
shown) or high affinity antibodies bearing l1 or l2 light
to the MZ (see arrowheads in Figures 4e and 4f), they
chains (data not shown). Furthermore, basal serum lev-are useful for structurally defining the borders of the
els for the same subclasses of immunoglobulin were
follicle. In wild-type mice, PNA1 GC cells were situated
also comparable for mutant and wild-type mice (datacentrally within the marginal sinus and were surrounded
not shown).at one pole of the follicle by IgM1 B cells. PNA1 GC
cells most proximal to the IgM1 cap (compare Figure
4c) express IgM (Figure 4e; cells stained in yellow), rep-
Increased Numbers of B Cells in Peripheralresenting the light zone of the follicle. In contrast, high
Blood and Spleennumbers of PNA1 cells scattered through the red pulp
In view of the altered architecture of the spleen, we used(long arrows in Figure 4f) and clusters of PNA1 cells
various combinations of antibodies specific for B cells,could be identified within the marginal sinus in blr12/2
T cells, or activation markers but did not detect anymice as well (Figure 4f). Although these PNA1 cells do
difference in lymphocyte subsets isolated from thymus,not express IgM, they could be identified as B cells, as
bone marrow, or lymph nodes of 6- to 12-week-old micethey coexpress CD19, a unique marker for this lineage
(data not shown). However, white blood cell counts re-(data not shown). To identify those cells situtated be-
vealed elevated levels of peripheral blood B cells intween PNA1 follicular cells and IgM1 cells of the MZ,
blr12/2 mice (Figure 7a). An altered B–T cell ratio wasthree-color immunolabeling was performed, applying
even more pronounced in peripheral blood and spleenanti-IgD MAb, anti-CD3 MAb, and PNA. This staining
lymphocytes following immunization with DNP-KLH. Infurther confirmed an irregular architecture of secondary
a comparison of B–T cell ratios of untreated mice withsplenic follicles in blr12/2 mice, as it demonstrates that
animals that had received a single dose of antigen (KLH-PNA1 B cells are situated around the central artery (A
DNP, i.p.) 10 days earlier, the splenic B–T cell ratio in-in Figure 4h) within the T cell–rich zone of the PALS but
creased from 1.65 to 2.00 in wild-type animals and fromcould not be found within the B cell region as observed
2.34 to 3.39 in blr12/2 mice (Figure 7b). Interestingly, theregularly in wild-type animals (Figure 4g).
B–T cell ratio of peripheral blood cells dropped fromAlthough the spleen was severely affected, no struc-
0.61 to 0.38 in blr11/1 mice, while it increased from 0.79tural alterations of primary or secondary lymphoid folli-
to 1.36 in blr12/2 mice (Figure 7b). This 3.6-fold increasecles could be identified in peripheral or mesenteric
in the ratio of peripheral B to T cells further indicateslymph nodes of blr1 mutant mice. As observed in wild-
that recirculation of B cells through lymphoid organs istype animals, these organs displayed regular GCs within
the B cell follicles (Figures 5a and 5b) expressing IgM affected in blr1 mutant mice.
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Figure 7. B Cell Expansion in the Spleen and in Peripheral Blood
in blr12/2 Mice
(a) Peripheral blood was obtained by puncture of the retro-orbital
Figure 6. Increased Numbers of IgMhigh Cells but Unaltered Humoral plexus; after lysis of erythrocytes, white blood cells were counted
Response in blr1 Mutant Mice in a Neubauer chamber. The percentage of lymphocytes was deter-
Splenocytes (a) and peripheral blood leukocytes (b) were isolated mined by flow cytometry using distinct FSC/SCC properties of these
from 6-week-old wild-type (blr11/1) and mutant (blr12/2) mice 10 cell populations. The number of B and T cells was calculated after
days after intraperitoneal immunization with DNP-KLH in complete staining with anti-B220 and anti-CD3 MAb, respectively (mean 1
Freund’s adjuvant. Cells were stained with the MAb as indicated SD; n 5 10; [asterisk] p < 0.05; Mann-Whitney test). (b) Mice were
and analyzed by flow cytometry. Numbers indicate relative percent- either immunized intraperitoneally with DNP-KLH in complete
ages of positive cells within a quadrant (shown are representative Freund’s adjuvant (1DNP-KLH) or remaineduntreated (2DNP-KLH).
experiments with at least 15 animals from each group). Peripheral blood leukocytes and splenocytes were isolated 10 days
(c) Humoral response against the T cell–dependent antigen DNP- after immunization and stained with anti-B220 or anti-CD3 MAb;
KLH is unaltered in blr12/2 mice. Blr11/1 mice (black bars) and blr12/2 the ratio of B–T cells was analyzed using flow cytometry. Black
mice (open bars) were immunized intraperitoneally with DNP-KLH bars, wild-type mice; open bars, blr1 mutant mice (mean 1 SD,
and boosted 3 weeks later. IgG1 anti-DNP serum titers were deter- n 5 3).
mined at days 0, 10, and 30 after primary immunization (mean 1
SD; n 5 8).
cells, derived either from wild-type or mutant mice, were
injected into the tail vein of blr11/1 or blr12/2 animals.
To determine the location of transferred cells within theblr12/2 Lymphocytes Fail to Enter B Cell
Follicles in blr11/1 Mice recipients, cryostat sections of lymphoid organs were
stained with streptavidin (tetramethylrhodamine B iso-As it could be hypothesized that aberrant structure of
splenic follicles in blr12/2 mice is caused by impaired thiocyanate [TRITC]; marker for transferred cells) anti-
B220-fluoroscein isothithiocytanate (FITC) (B) and anti-lymphocyte recirculation, we investigated whether re-
populated lymphocytes of wild-type versus mutant mice Thy1.2-Cy5 (T) MAb. B cells isolated from lymph nodes
of blr12/2 or blr11/1 animals were detected within 5 hrwould show differences with respect to their migration
characteristics to different lymphoid organs. B2201 B of transfer in the spleen and lymph nodes of wild-type
animals (Figures 8a–8f). However, marked differencescells derived from peripheral and mesenteric lymph
nodes or from the spleen were isolated by MACS and in the location of transferred cells could be observed.
Cells derived from wild-type animals were distributedlabeled with biotin. Consequently, 5 3 107 labeled B
Impaired B Cell Migration in blr1 Mutant Mice
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(data not shown). These observations further demon-
strate that expression of BLR1 is required for proper
migration of B cells to defined microenvironments within
the spleen and PP.
To reveal the importance for BLR1 expression in the
recipient organ, B cells of blr11/1 or blr12/2 mice were
transferred into blr12/2 recipients; 5 hr after transfer,
cells could equally be detected in B and T cell areas of
peripheral and inguinal lymph nodes, irrespective of
their origin (wild type versus mutant). Furthermore, in
the spleen, transferred cells readily entered the white
pulp and seeded to all areas surrounded by MZ macro-
phages, thus including the area where B cell follicle
would be placed in wild-type spleens (data not shown).
As regular follicles are not developed in this organ, the
migration of the transferred cells to these structures
could not be assessed. Thus, it cannot be excluded
that a developmental defect contributes to the altered
structures of some lymphoid organs of blr12/2 mice.
However, as outlined above, there is strong evidence
that impaired B cell migration into the spleen and PP
caused the aberrant phenotype observed in these
organs.
Discussion
The interaction of lymphocyte integrins with their coun-
terreceptor on high endothelial venules (and their yet
unidentified equivalent structures in the spleen) are es-
sential steps to facilitate lymphocyte extravasation
(Butcher, 1991; Shimizu et al., 1992; Springer, 1994).
However, lymphocyte integrins do not mediate high af-
Figure 8. Transferred B Cells from blr1 Mutant Mice Fail to Enter B finity binding unless they are activated (Dustin and
Cell Follicles in Spleen and PP but Migrate to B Cell Follicles in Springer, 1989). Due to the fact that pertussis toxin,
Mesenteric Lymph Nodes in Wild-Type Mice
an inhibitor of certain G proteins, restrains lymphocyte
Wild-type recipient mice were intravenously injected with 5 3 107
migration to lymph nodes and the white pulp of thebiotinylated B2201 B cells isolated by MACS from lymph nodes of
spleen, it has been repeatedly suggested that GPCRwild-type mice (a, c, and e) or blr1 mutant mice (b, d, and f). Sections
could provide the integrin-activating signal. Further-of spleen (a and b), PP (c and d), and mesenteric lymph nodes (e
and f) of recipient mice that received cells 5 hr earlier were stained more, several members of the chemokine family, like
with anti-B220-FITC and anti-Thy1.2-Cy5 to identify splenic follicles RANTES, MIP-1b, and MCP-1, -2, and -3, have been
and with streptavidin-TRITC to reveal transferred cells. To enhance identified in vitro possibly to act as lymphocyte chemo-
visualization, B cells are depicted in red, T cells in blue, and trans-
attractants (reviewed in Hedrick and Zlotnik, 1996). Weferred cells in green; B 5 B cell–rich zone (follicle); T 5 T cell zone.
identified a putative chemokine receptor termed BLR1,
which is exclusively expressed in lymphoid organs and
defined structures of the cerebellum (Dobner et al., 1992;
uniformly within the white pulp of the spleen and entered Kaiser et al., 1993). The expression of this receptor in
the T cell and B cell–rich area (Figure 8a). Although the lymphoid system is limited to mature B cells and to
lymphocytes derived from blr12/2 animals entered the a subpopulation of T helper memory cells (Fo¨rster et al.,
T cell area of the spleen, these cells failed to migrate 1994). Raising MAbs against the murine homolog of the
into the B cell area (Figure 8b). In an investigation of receptor, we identified an identical expression pattern
PP, similar results were observed: 5 hr after transfer, B of BLR1 in mice, as only mature B cells and a subpopula-
cells derived from blr11/1 mice migrated to T and B cell tion of T helper cells coexpressed this receptor (Fig-
areas (Figure 8c), whereas lymphocytes derived from ure 1).
blr12/2 mice, although readily entering the T cell zone, The identification of this lymphocyte-specific chemo-
completely failed to enter the B cell follicles of wild- kine receptor prompted us to prove the hypothesis that
type PP (Figure 8d). In contrast, no differences in the GPCR play a role in the regulation of lymphocyte migra-
migration behavior of blr11/1 or blr12/2 derived B cells tion. We used gene targeting in ES cells to derive mice
to lymph nodes could be observed as the transferred with a null mutation in the blr1 gene. Important pheno-
cells entered mesenteric lymph nodes (Figures 8e and typic changes resulting from the loss of BLR1 expres-
8f) or peripheral (including inguinal) lymph nodes of wild- sion were represented by the lack of inguinal lymph
type animals (data not shown). Similar results were ob- nodes and the significant reduction in the number and
composition of PP. PP have been identified as a site oftained from transferring B cells isolated from the spleen
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generation of antigen-specific IgA-expressing precur- of blr12/2 mice, it is unlikely that B cells require BLR1
to leave this area, as transferred blr12/2 B cells leavesors, which seed to different regions of the gut lamina
propria (Craig and Cebra, 1971). Interestingly, a4/b7- the marginal zone and accumulate in the T cell zone
(Figures 8b and 8d). B cell transfer experiments andintegrin has been shown to play a key role in the migra-
tion of murine lymphocytes toPP (Holzmannet al., 1989). morphological alterations of primary and secondary fol-
licles of blr1 mutant mice indicate that different B cellRecently, thecritical role for b7 integrins in the formation
of gut-associated lymphoid tissue has been confirmed subpopulations fail to enter B cell follicles. In blr1 mutant
animals, primary follicles were situated concentricallyin b72/2 mice. As observed for blr12/2, these animals
do not have regularly formed PP and are further charac- around the T cell zone, which is contrasted by the polar-
ized location of the T cell zone in wild-type animals.terized by a severe reduction of IgA1 and IgM1 B cells
and plasma cells in the lamina propria (Wagner et al., Furthermore, adjacent to the T cell zone, a large area of
recirculating B cells expressing IgM and IgD molecules1996). As it has been postulated that chemokine recep-
tors might exert their effect on adhesion receptors, we were typically observed in wild-type mice, whereas in
blr1 mutant animals, only a small rim of IgD1 B cellsinvestigated the expression of the adhesion molecules
L-selectin, LFA-1, VLA-4, and b7-integrin but did not not expressing IgM was present. Thus, this B cell class
would be the only one present within primary splenicobserve any differences in theexpression levels of these
adhesion molecules between blr11/1 and blr12/2 animals follicles in blr1 mutant mice. In contrast, IgM1 cells rep-
resenting sessile B cells of the marginal zone were iden-(data not shown). As migration experiments confirmed
impaired migration of blr12/2 B cells to PP ( Figure 8d), tified in wild-type and blr1 mutant mice, although this
area was considerably larger in blr12/2 mice (Figures 4aand as lamina propria lymphocytes normally develop in
blr12/2 mice (Figure 3d), it could be speculated that and 4b).
Modified structures of splenic follicles were furtherBLR1 is involved in generating signals necessary to acti-
vate a4/b7 (or other) integrins in PP but not on lamina delineated after antigenic challenge, as immunization
with the T cell–dependent antigen DNP-KHL failed topropria lymphocytes. As observed for blr1 mutant mice,
increased numbers of B cells and neutrophils were also induce functional GCs in the spleen of blr1 mutant mice.
It has been shown that in a T cell–dependent humoralreported in mice lacking the interleukin-8 receptor (Ca-
calano et al., 1994). Leukocytosis in these animals was response, B cells are activated within an extrafollicular
area rich with interdigitating and T cells (Gray, 1988).primarily based on extramedullary B cell lymphopoiesis
and the failure of neutrophils to leave the peripheral After clonal expansion, most of the B cells differentiate
into short-lived plasma cells (Gray, 1988; Jacob et al.,blood pool. Accordingly, impaired B cell migration to PP
and B cell follicles of the spleen could cause increased 1991a), whereas a small proportion of these activated
cells migrates into the B cell–rich area, where they ex-levels of peripheral blood B cells in blr1 mutant mice
(Figure 7). However, it remains to be determined if a loss pand and fill up the follicular dendritic cell network, thus
giving rise to the formation of GCs (Vonderheide andof homing activity of certain lymphocytes, namely those
expressing BLR1, could account for a nonfunctional Hunt, 1990). In immunohistologic analysis of spleen sec-
tions derived from wild-type and blr1 mutant animals,(spleen, PP) or lack of a lymphoid organ (inguinal lymph
node), or whether developmental defects also partici- no differences in the frequency of DNP-specific plasma
cells were found (data not shown). However, stainingpate in this process. As transferred blr12/2 B cells could
be identified in inguinal lymph nodes of wild-type recipi- with the lectin PNA, which labels GC B cells, suggests
that BLR1 participates in the formation of GCs. In con-ents, it seems possible that BLR1 also participates in the
development of certain lymphoid organs (i.e., inguinal trast to wild-type mice, PNA1 cells were never found in
the B cell follicle of blr1 mutant mice but always withinlymph nodes) by processes of creating preformed struc-
tures, which by themselves would develop into a the T cell–rich area surrounding the central artery of the
PALS (Figures 4g and 4h). The fact that activated PNA1lymphoid organ upon population with lymphocytes.
Although several lymphoid structures were affected B cells were found in mutant and wild-type mice indi-
cates that BLR1 is not involved in the process that leadsin blr1-deficient mice, the most striking evidence that
BLR1 participates in lymphocyte migration is derived to B cell activation within the T cell–rich zone but rather
suggests that the chemokine receptor BLR1 is involvedfrom altered structures of primary and secondary folli-
cles of the spleen (Figure 4). In contrast to other second- in guiding activated GC founder cells into B cell follicles.
Although PNA1 cells were found in the spleens ofary lymphoid organs, molecules regulating lymphocyte
entry into the spleen remained obscure, as no high endo- blr12/2 mice, we never observed these cells expressing
sIgM molecules, which would be a characteristic pheno-thelial venules are present in this organ. It seems clear
that most lymphocytes (and erythrocytes) enter the type of light zone GC B cells in normal follicles. This
observation supports the hypothesis that B cells infil-spleen via the marginal sinus. As transferred cells can
readily be identified in the PALS, it was argued that cells trate the T cell zone and that activation within this micro-
environment would render them competent for beingmigrate directly from the marginal sinus into the PALS
(Brelinska and Pilgrim, 1982; Groom and Schmidt, 1990). GC founder cells; a function they could fulfill, however,
only upon migrating into the B cell follicle. CompleteThere is also evidence that lymphocytes cross the endo-
thelium in the distal PALS, from where they migrate in absence of GCs has been reported in mice lacking either
CD40 (Kawabe et al., 1994), CD40-ligand (Renshaw eta retrograde manner along the central artery into more
proximal regions of the PALS and consequently enter al., 1994; Xu et al., 1994), lymphotoxin-a, or type I tumor
necrosis factor receptors (Matsumoto et al., 1996). Inthe lymphoid follicles (Pellas and Weiss, 1990). Although
prominent marginal zones can be identified in the spleen contrast to the observation made in this report, those
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Biorad). Cells were plated at a density of 4 3 106/10 cm dish onanimals lack PNA1 lymphocytes. As it has been demon-
G418r embryonic fibroblasts. The next day, selection was carriedstrated that interaction of CD40 and CD40L is necessary
out with medium containing 380 mg/ml G418 (GIBCO BRL) and 2for B cell activation, it is appealing to postulate that
mM gancyclovir (Syntex) or FIAU, a gift from Dr. U. Mu¨ller (Zu¨rich).
expression of the chemokine receptor BLR1 is essential DNA, isolated from resistant ES clones, was amplified in a 33-
to direct these activated GC founder cells from the PALS cycle polymerase chain reaction (PCR) (1 min at 948C, 1 min at 598C,
2.5 min at 728C) using PCR primer 1 (59CTATCAGGACATAGCGTto theB cell follicle in a subsequent step of GC establish-
TGG-39), which was complementary to sequences of the 39 end ofment. This hypothesis is substantiated by results ob-
the neo gene, and primer 2 (59-GGTGTCTTCACGGTTCGC-39), whichtained from lymphocyte transfer studies, which clearly
was complementary to sequences of the 39 end of the blr1 geneshow that transferred blr1-/- B cells enter the T cell zone
and situated outside the replacement vector (Figure 2A). PCR prod-
but fail to migrate to B cell follicles of defined lymphoid ucts were resolved in 1% agarose gels and blotted under alkaline
organs of blr11/1 hosts (Figure 8). conditions to Hybond N1 membranes (Amersham). Hybridization
was done using a 32P-labeled probe (1.3 kb SalI-NheI fragment fromAlthough repeatedly speculated, there is now strong
blr1 exon 2). For verification, all ES cell clones showing the expectedevidence that GPCR not only regulate systemic homing
2 kb signal after PCR were expanded and subjected to Southern(i.e., extravasation of lymphocytes to defined lymphoid
blot analysis as described above using purified DNA.organs) but also direct microenvironmental homing by
directing extravascular cells to defined anatomic struc- Generation of BLR1-Deficient Mice
tures within these organs (systemic and microenviron- Embryo manipulations were carried out as described earlier (Masu
mental homing have been discussed in Butcher and et al., 1993). To generate mutant mice, 5–12 targeted ES cells were
placed between two outbred morulae (CD-1) and were aggregatedPicker, 1996). The finding that B cell migration to defined
over night at 378C. To one uterine horn of a pseudopregnant CD-1lymphoid structures is impaired in blr1-deficient mice
mouse, 10–12 derived blastocysts were transferred. Chimeric micesupports the multistep model for lymphocyte migration.
were bred to CD-1 mice, and germ line transmission of the mutant
The current studies identify the chemokine receptor allele was detected by Southern blot analysis of tail DNA from F1
BLR1 as the first G protein–coupled receptor involved offspring with agouti coat color. Homozygous mice were obtained
in this process and for the first time substantiates the by interbreeding of heterozygous mice.
hypothesis that chemokines and chemokine receptors
Antibodiesessentially participate in microenvironmental homing.
The following antibodies and conjugates were used in this study:
anti-Ly5 (B220; clone RA3–6B2)-fluorescein (FITC), anti-Ly5-biotin,
Experimental Procedures anti-Ly5-PE (phycoerythrin), and anti-CD4 (L3-T4, clone YTS 191.1)-
PE, which were purchased from Caltag. Rat-anti-mouse-IgM-biotin
Production of MAb Specific for Murine BLR1 (clone R6–60.2) and anti-l11l2-biotin were purchased from Phar-
Lou-C rats were immunized and boosted once using 100 mg of a Mingen. Further antibodies used are: anti-Thy1.2-FITC (Becton
GST fusion protein containing the first 57 amino-terminal amino Dickinson), anti-mouse-IgM-FITC (clone LO-MM-9, Biosource), and
acids of murine BLR1 (GST-NmBLR1). Rat splenocytes were fused anti-mouse-IgD-FITC (clone SBA 1, Southern Biotechnology). Anti-
with X63Ag8.653 cells, and 7 days later, hybridomas were tested CD3-PE and biotinylated PNA were obtained from Sigma. Anti-
for the production of specific antibodies by ELISA using GST- murine BLR1-biotin (clone 2G8) was generated in our laboratory
NmBLR1 or an irrelevant GST fusion protein as a control. Positive as described above. Cy3 and Cy5 conjugates of antibodies were
results were confirmed by flow cytometry using 293 HEK cells prepared as recommended by the manufacturer (Amersham).
transfected with a myc-tagged murine BLR1 expression plasmid in
accordance with the procedure described earlier for human BLR1 Blood Counts and Flow Cytometry
(Fo¨rster et al., 1993). Blood was obtained by retro-orbital venous plexus sampling in poly-
propylene tubes containing heparin. Complete blood counts were
determined using a Neubauer chamber. Differential counts wereGene Targeting
determined applying flow cytometry, monoclonal antibodies, andThe blr1 gene was disrupted according to established methods
forward-side scatter properties. Flow cytometric analysis was done(Capecchi, 1989). In brief, the replacement targeting vector was
as described earlier (Fo¨rster et al., 1994).constructed using an approximately 7 kb BamHI fragment of geno-
mic DNA isolated from a 129-Sv mouse strain genomic library (Strat-
Immunohistochemistryagene), which was screened with a Balb-c blr1 probe of exon 2
For immunohistochemical analysis, mice were sacrificed, and(Kaiser et al., 1993). This DNA fragment containing part of the intron
spleens and lymph nodes were embedded in tissue tek (Miles, IN),and exon2 with the translation stop codon but not the poly(A)1 signal
snap frozen in liquid nitrogen, and stored at 2808C. Cryostat sec-was inserted by BamHI ligation into pBlueskript KS (Stratagene). The
tions (8 mm thick) on gelatine-covered slides were dried overnight350 bp AatII-SalI fragment of the protein-coding region of exon 2
and fixed with acetone. Slides were rehydrated and preincubatedwas replaced by the 1.1 kb XhoI-SalI neo resistance cassette of
for 1 hr in staining buffer (0.1 M Tris, pH 8.0, and 0.1% Tween 20)pMC1neo without poly(A)1 signal. As a negative selection marker,
containing 5% heat-inactivated rat serum. Sections were incubatedthe 3.4 kb BamHI fragment from pTk containing the complete thymi-
with conjugated primary antibodies in a humified chamber for 1 hrdine kinase of the herpes simplex virus was ligated into the BamHI
at room temperature. After three washes in staining buffer, bindingrestriction site of the 59 end of the vector. To prevent exonuclease
of biotinylated antibodies was revealed with streptavidin-TRITCdegradation of the vector, splinkers carrying an internal Asp718 site
(Jackson, 1:150) orstreptavidin-Cy5 (Amersham, 1:150). Spleen cellsand an XbaI cohesive end (59CTAGAGGTACCGCTTTTGCGGTA
producing DNP-specific antibodies after immunization with DNP-CCT-39) were ligated to the linearized vector.
KLH were identified by staining with FITC-labeled DNP-BSA (5 mg/The D3 ES cell line (Doetschman et al., 1985) was cultured at
ml). After three final washes, the slides were mounted in Moviol378C, 10% CO2 in Dulbecco9s modified Eagle9s medium supple-
(Calbiochem) and analyzed by confocal microscopy (Leica, TCSmented with 15% fetal calf serum, glutamine, 2-mercaptoethanol,
4D-I). Digitized images were printed on a Sony videoprinter (UP-and 60% Buffalo rat liver cell–conditioned Glasgow medium on
D8800).g-irradiated embryonic fibroblasts feeder layers. XbaI linearized vec-
tor (25 mg) were mixed with 2 3 107 ES cells in embryonic fibroblasts
medium (Dulbecco’s modified Eagle’s medium with 10% fetal calf Isotype and Antigen-Specific ELISAs
Animals 6 weeks old were immunized intraperitoneally with 100serum and 2% glutamine) supplemented with an additional 25 mM
NaCl and were electroporated at 230 V and 500 mF (Gene Pulser, mg DNP-KLH in complete Freund’s adjuvant to induce a primary
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antibody response to T cell–dependent antigens. Animals were Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W., and Kemler,
R. (1985). The in vitro development of blastocyst-derived embryonicboosted 3 weeks later with the same amount of antigen in incom-
plete Freund’s adjuvant. DNP isotype–specific antibodies were stem cell lines: formation of visceral yolk sac, blood islands and
myocardium. J. Embryol. Exp. Morphol. 87, 27–45.quantitated by serial dilutions of serum samples on 96-well plates
coated with DNP-BSA. Bound antibodies were detected with peroxi- Dustin, M.L., and Springer, T.A. (1989). T-cell receptor cross-linking
dase-conjugated isotype-specific antibodies (Amersham). DNP- transiently stimulates adhesiveness through LFA-1. Nature 341,
specific antibodies carrying l light chains were revealed by biotinyl- 619–624.
ated anti l11l2 antibodies (Jackson), followed by incubation with Feng, Y., Broder, C.C., Kennedy, P.E., and Berger, E.A. (1996). HIV-1
streptavidin-peroxidase. For quantitation of serum-immunoglobulin entry cofactor: functional cDNA cloning of a seven-transmembrane,
isotype levels, serum samples were serially diluted on microplates G protein-coupled receptor. Science 272, 872–877.
coated with unlabeled goat anti-mouse Ig antibodies, followed by
Fo¨rster, R., Emrich, E., Voss, C., and Lipp, M. (1993). A generalincubation with peroxidase-conjugated isotype-specific antibodies.
method for screening mAbs specific for G protein-coupled receptorsELISAs were developed by reaction of peroxidase with diaminoben-
as exemplified for BLR1 using epitope tagged BLR1-transfectedzidine (Sigma).
293 cells and solid-phase cell ELISA. Biochem. Biophys. Res. Com.
196, 1496–1503.Lymphocyte Positioning
Fo¨rster, R., Emrich, T., Kremmer, E., and Lipp, M. (1994). ExpressionFor migration experiments, B cells were isolated from lymph nodes
of the G protein–coupled receptor BLR1 defines mature, recirculat-or spleen from 8- to 12-week-old female blr11/1 or blr1-/- mice using
ing B cells anda subset of T-helper memory cells.Blood 84, 830–840.B220 MAb and MACS. Cells were adjusted to 2 3 107/ml and labeled
with biotin NHS-LC-biotin (Pierce, 0.8 mg/ml in phosphate-buffered Freedman, A.S., Munro, J.M., Rice, G.E., Bevilacqua, M.P., Mori-
saline 5% fetal calf serum) for 30 min at 378C. Washed cells (5 3 moto, C., McIntyre, B.W., Rhynhart, K., Pober, J.S., and Nadler,
107) were injected into the tail vein of 6- to 12-week-old female L.M. (1990). Adhesion of human B cells to germinal centers in vitro
blr11/1 mice; 5 hr later, they were sacrificed, and spleens and lymph involves VLA-4 and INCAM-110. Science 249, 1030–1033.
nodes were embedded in tissue tek for immunohistologic examina- Gray, D. (1988). Recruitment of virgin B cells into an immune re-
tion. Sections were triple stained as indicated in Figure 8. sponse is restricted to activation outside lymphoid follicles. Immu-
nology 65, 73–79.
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